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...If a drop of oil is put on a polished marble table, or on a looking glass that lies horizontally; the drop 
remains in place, spreading very little. But when put on water it spreads instantly many feet round, 
becoming so thin as to produce prismatic colors, for a considerable space, and beyond them so much 
thinner as to be invisible, except in its effect of smoothing the waves at a much greater distance.  
(B. Franklin, 1774)
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ABSTRACT 
 
Biomembranes divide the cellular spaces and, moreover, actively take part in cellular 
functions as receptors and second messengers, for example. Different membranes contain 
a strictly controlled and varying pattern of charged lipids and many biologically 
significant macromolecules possess charges that have a drastic influence on their 
interplay with the cellular context.  
 
The present study focuses on the physicochemical properties of charged membranes and 
their interactions with charged macromolecules. In brief, the results showed that even 
small amounts (< 5 %) of the naturally occurring cationic lipid sphingosine as well as a 
synthetic positively charged lipid, DHAB, strongly condense phosphatidylcholine 
monolayers. This effect is suggested to reflect reorientation of the P- N+ dipole of the PC 
headgroup in keeping with a simultaneous increase in surface dipole potential Ψ. Mixed 
monolayers of sphingosine and POPC showed an intriguing behavior. Three critical mole 
fractions XSph of sphingosine, viz., 0.25, 0.6, and 0.83, were observed at which the 
area/molecule reached a local minimum followed by a pronounced expansion of the film. 
This suggests energetically favorable ordering allowing the positively charged 
sphingosines to maximize their distance, so as to minimize the coulombic repulsion. It is 
possible that sphingosine and POPC segregate laterally as a regular lattice. 
 
The interplay of charged macromolecules with membranes is of great biological 
significance. The physical state and the composition of the membrane lipids is crucial for 
the functioning of several integral and peripheral proteins. On the other hand the 
interactions of cationic surfactants and DNA are of special interest because of their use in 
gene transfection. Naturally occurring sphingosine is suggested to contribute to the 
control of DNA replication and gene expression via electrostatic attraction. To this end, 
the presence of DNA affected the mixed DHAB/POPC films differently depending on the 
constituent lipid stoichiometry as well as on the DNA/DHAB charge ratio. Interestingly, 
DNA condensed neat POPC monolayers and at XDHAB > 0.5 an expansion due to DNA 
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was evident. The avidity of the assembly factor P17 from bacteriophage PRD1 to 
positively charged vesicles containing sphingosine was observed by calorimetry, light 
scattering, and resonance energy transfer suggesting that P17 might contribute to the 
morphogenesis of PRD1 via electrostatic membrane-related interactions.    
 
Our studies on a reducible cationic gemini surfactant DSP revealed effective cleavage of 
the disulfide bridge in the lipid spacer induced by glutathione both in monolayers and in 
vesicles. In Langmuir monolayers the reductive cleavage led to a decrease in surface 
pressure π as well as surface dipole potential Ψ, and in giant vesicles a disruption of the 
GV during  a period of approx. 30 s was observed. In the presence of a charge saturating 
concentration of DNA the process attenuated but, importantly, DNA did not prevent the 
reduction. Moreover, the resulting monomers had significantly less affinity towards DNA 
in supported monolayers. The above results provide evidence that this surfactant could 
well be suitable for transfection in vivo. 
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1. INTRODUCTION 
 
The motivation for this study arised from the enormous diversity of lipids in biological 
membranes and the plethora of roles they possess in many fundamental biological 
processes. Our aim was to study the physicochemical basis of lipid mixing, and the 
interactions that biological macromolecules have with the membranes. More specifically, 
we characterized mixed monolayers of cationic and zwitterionic lipids, studied their 
interactions with DNA and protein, and examined the membrane properties of an 
reducible cationic amphiphile and observed the effects of its cleavage. Due to the 
inherent complexity of biological membranes we used model membranes, namely 
monolayers and vesicles, in our studies.  
 
Lipids form, together with DNA and RNA, proteins, and carbohydrates, the basic 
building blocks required for life. For decades the lipid membranes were considered 
merely as a passive framework enabling the actions of proteins but these views have 
changed to a much more elaborate and fascinating direction. Lipids function as second 
messengers, regulators of gene expression, enzymes, and receptors 1-4. The spectrum of 
diseases related to lipid metabolism ranges from atherosclerosis 5 to psychiatric illnesses 
6. Furthermore, the accessibility to certain lipids has been claimed to be associated with 
the evolution of modern hominid brain 7. 
 
Lipid bilayers are truly dynamic, fluid, and complex structures composing of lipids, 
proteins, and carbohydrates. The fluid mosaic model 8 introduced the fluidity of the 
bilayer but missed the principle characteristics of membranes as nonrandom, laterally 
heterogeneous assemblies that contain compositionally distinct domains and 
compartments 9. Membranes are sensitive to both physical and chemical factors and thus 
provide exceptional mediator for biological triggering and signaling processes. 
 
Peripheral membrane interactions play a crucial role in regulating several fundamental 
cellular functions. The physical state of the lipids in the membranes influence the 
functioning of proteins and vice versa 10-13. In addition to interacting with proteins lipids 
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have interactions with DNA. The latter are of great importance due to the growing 
interest towards liposomal gene transfection 14, 15. The potential of gene therapy is well 
documented but the lack of efficient and safe transfection vectors restricts its wider use 16-
18. Basic research of the physicochemical forces and interactions involved in the complex 
formation between lipids and DNA is essential in developing future vehicles. Moreover, 
the above interactions share also a wider biological significance since the naturally 
occurring cationic lipid sphingosine is known to contribute to regulation of gene 
expression and the control of replication 3, 19. 
 
I will briefly overview the cellular membranes and the model membranes used for 
studying them in the following literature review. In addition, the interactions of charged 
membranes with macromolecules are discussed. This will be followed by the outline of 
the present study and thereafter with results and discussion. The main focus will be on 
cationic lipids interacting with zwitterionic phosphatidylcholines, and on the other hand 
with either DNA or protein. Acknowledgements, references and the original publications 
(I-IV) are presented as a last part of this thesis. 
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2. REVIEW OF THE LITERATURE 
 
2.1. OVERVIEW OF CELLULAR MEMBRANES AND MEMBRANE MODELS 
 
 
Eukaryotic cells contain over 1000 different lipid species and, moreover, cells actively 
regulate their lipid composition 20. In addition to forming biological membranes, lipids 
serve as energy storage, enzyme cofactors, hydrophobic anchors, emulsifying agents, 
hormones, and intracellular messengers 21. Owing to these wide functions of great 
importance it has been proposed that after decades of proteins and genes one should get 
ready for the decade of the lipids 22.   
 
2.1.1. Cellular membranes 
 
In 1925 the first important step towards understanding biological membranes was taken 
as the membrane of red blood cells was shown to be only two molecules thick 23. The 
membranes were emphasized as fluid and randomly distributed structures by Singer and 
Nicholson in their fluid-mosaic model 8. Thereafter proteins and sugars have been 
included into the models, and the general view of the nature of the membranes has 
evolved towards heterogeneous, non-randomly compartmentalized bilayers where 
dynamics plays a decisive role (Fig. 2.1.) 9, 24, 25. Lipid molecules in lipid bilayers can 
change their conformation, rotate around their molecular axis, diffuse laterally, protrude 
out of bilayer plane, and flip-flop between the two monolayers 9. Despite fluid dynamics 
local structuring and order takes place. Sphingolipids and cholesterol, for example,  have 
been shown to enrich in domains 26-28to which certain proteins attach. 
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Composition 
Eukaryotic plasma membranes share the same lipid species and generally include PE, PC, 
PI, PS, SM, cholesterol and a small fraction of other lipids like two negative charges 
possessing cardiolipin 29. Phospholipids are asymmetrically distributed between the inner 
and outer monolayer of plasma membrane. Neutral phosphatidylcholine and 
sphingomyelin are found merely in the outer, and phospatidylethanolamine in the inner 
monolayer. Negatively charged phosphatidylserine, phosphatidylinositol and 
phosphatidic acid are primarily located in the inner cytosolic monolayer 21. Integral and 
peripheral proteins are embedded in the lipid bilayer and together with lipids and 
carbohydrates they form a characteristic pattern with locally enriched lipids floating as 
domains on the membrane  (Fig. 2.1.).  
 
  
 
 
 
 
 
 
 
 
Membranous organelles 
Membranes define the external boundaries of cells as well as divide their internal space 
into compartments. In addition to structural role, membranes also determine the nature of 
all communication between the inside and outside of a cell. Moreover, most of the 
fundamental biochemical processes, such as DNA replication, protein biosynthesis, 
protein secretion, bioenergetics, and hormonal responses, involve membranes. Eukaryotic 
cells have a multitude of membranous organelles differing in composition, structure, and 
Figure 2.1. A schematic representation 
of plasma membrane. (reproduced with 
permission of HBBG). 
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function 29.  The plasma membrane separates the cell from its surroundings and serves at 
the same time as a contact point between the cell and its environment. The nuclear 
membrane encloses DNA and defines the nuclear compartment. The endoplasmic 
reticulum fills about half of the total area of membrane in eukaryotic cells and provides 
the site for protein synthesis. The Golgi apparatus dispatches lipids and proteins from ER 
to a variety of destinations. Oxidative phosphorylation takes place in mitochondrion, and 
lysosomes are responsible for macromolecular degradation. Endosomes and peroxisomes 
constitute the smallest compartments, occupying approx. one percent of the total cell 
volume 30. All of the above membranous organelles serve specialized functions, but still 
share basic properties that define the universal behavior of biomembranes. They are, for 
example, able to self-seal, flex, and to be selectively permeable 21.  
 
2.1.2. General properties of lipid bilayers 
 
Lipids self-assemble into membranes due to their amphiphilic nature. Hydrophobic 
interactions among lipid molecules provide the driving force for membrane formation: 
the polar headgroup is hydrated and the hydrophobic acyl chains point away from the 
aqueous solvent. The fundamental properties of membranes include that the lipids are not 
linked by strong chemical forces but are, instead, kept together by weak and noncovalent 
interactions. This allows the membranes to be soft, a property required for various modes 
of their principal functions 9.  
 
Effective shapes of lipids 
The effective shape of a lipid molecule defines the shape of the membrane structure it 
forms 31 and variations in pH and counterion concentration have been shown to 
contribute to lipid packing by altering polar headgroup hydration, headgroup-water 
interactions, and the strength of hydrogen bonding between adjacent polar headgroups. 
The effective molecular shape is conveniently described by packing parameter P 32, 
 
),/( lavP ×=  
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where v = the effective volume of the hydrophobic part of the molecule, a = the limiting 
surface area of its hydrophilic part, and l = the length of its hydrophobic part. The impact 
of the effective shape as a function of packing parameter P with the corresponding 
aggregates is illustrated in Fig. 2.2. 
 
 
 
Lysophospholipids (sphingosine etc.)  
Detergents 
PC, SM, PS, PI, 
PG, PA 
PE, cholesterol 
 
 
 
 
 
Thermotropic phase behavior 
Lipid membranes can undergo phase transitions with different phases reflecting different 
degrees of order 9, 29. The best characterized transition for phospholipids is the main 
transition from the rippled gel-like Pβ
’
 phase to the fluidlike phase Lα. Lα phase is 
disordered, with extensive rotational motion of the headgroups and increased lateral 
diffusion of the whole molecule. Pβ
’
 phase represents an intermediate between the fluid 
Figure 2.2. Schematic illustration of different effective shapes of lipid molecules forming aggregates with 
varying structures. P < 1/3 yields spherical micelles,  1/3 < P < ½ rodlike micelles, ½ < P < 1 lamellar 
bilayers, and P > 1 results in inverted hexagonal bilayer and finally inverted micelles.  (Drawn by  S.J. 
Ryhänen)  
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and gel phases and it has recently been proposed that domains of gel-like interdigitated 
phase and disordered liquid phase co-exist in Pβ
’ 
33. In gel phase (Lβ) the acyl-chains are 
ordered and the lipid molecules are arranged in a regular structure. Changes in the phase 
state induce dramatic changes in the properties of the bilayers, such as elastic moduli  34-
36. Biological membranes largely remain in the fluid phase state but within the 
membranes local domains with varying phases exist due to interactions between different 
lipids as well as membrane proteins 9. Phase behavior of lipids has been extensively 
studied with different model systems, for example differential scanning calorimetry 
(DSC)(Fig. 2.3.) 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3. A differential calorimetry trace of DMPC 
multilamellar vesicles with schematic illustrations of 
different phases. (Drawn by S.J. Ryhänen) 
 19  
 
Pressure profile in bilayers 
Phospholipid bilayers as well as biological membranes have an internal pressure that 
results from the amphiphilic nature of the lipids: the hydrophilic headgroups are squeezed 
together to prevent exposure of the hydrophobic tails to the solvent while simultaneously 
strong repulsions between the hydrocarbon chain tend to expand the membrane 37, 38 (Fig 
2.4.). As a result the total lateral pressure in the membrane is zero even though the 
contribution of different components can be of order of several hundred bars. Estimates 
over the magnitude of the lateral pressure in model and in biomembranes vary but most 
commonly the value is in the region of 30-35 mN/m 37. Variations in the lipid 
compositions have been suggested to influence the function of membrane bound proteins 
via changes in membrane lateral pressures 10. According to recent molecular dynamics 
simulations cholesterol modifies the lateral pressure profile of membranes in a way that 
might indicate specific pressure mediated interaction between cholesterol and proteins 39. 
It is tempting to speculate, that also steroid hormones could mediate their actions partly 
via the same mechanism.  
 
 
 
 
 
 
 
 
Figure 2.4. Lateral pressure profile of  a bilayer. Interfacial tension compensates the repulsion of 
headgroups and acyl chains. (Kinnunen, 2000) 
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2.1.3. Model membranes 
 
Direct biophysical research of dynamic and complex biomembranes is demanding and in 
many cases beyond the reach of present methods. Model membranes, namely lipid 
monolayers and liposomes, provide simplified and efficient tools for experimentalists.  
 
Monolayers 
The first monolayer experiments were performed in 1774 by Benjamin Franklin, who 
spread a teaspoonful (2 ml) of oil over an area of half acre (approx. 2000 m2) on the 
surface of a pond 40. This gave him a film thickness of 2.5 nm but  it took over a hundred 
years, however, to realize that this thickness represents a layer just one molecule thick, 
i.e. a lipid monolayer. The pioneering work in the physics of surface films at air-water 
interface was performed in a kitchen sink, when surface contamination as a function of 
area for different oils was determined 41. First systematic studies on monolayers on air-
water interface were performed by Irving Langmuir in the late 1910’s and early 1920’s 42. 
Langmuir monolayer refers nowadays simply to the insoluble monomolecular film on the 
surface of a liquid. The studies by Langmuir were further complemented by Katherine 
Blodgett 43 and therefore the monolayer assemblies on solid supports, transferred layer-
by-layer from the water surface, are called Langmuir-Blodgett films.  
 
Langmuir films present several advantages compared to bilayers. The interactions of 
interest are confined within a two-dimensional layer, thus avoiding the mesophasic 
structural changes often occurring in other model membranes 44. Measurements of the 
surface pressure–area (π-A) isotherms give information on the intermolecular interactions 
that are not accessible directly from bilayers 37. Moreover, lipid-lipid interactions in a 
range of molecular areas known to occur in the membrane can be investigated in a 
systematic manner, with π-A isotherms and compressibility providing precise indicators 
of changes in the film structure 44. The onset and completion pressures of phase 
transitions can be further determined by examining the elastic moduli of area 
compressibility CS-1 as a function of pressure 45. The electrical potentials that arise from 
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dipoles both in the lipid molecule and those in the water of lipid hydration can be directly 
measured across the lipid monolayer 46. 
 
 
 
 
 
 
 
Lipids with different kind of acyl-chains and different headgroups occupy different areas. 
These areas can be determined from π-A isotherms where the particular collapse pressure 
represents a point at which the molecules are packed to their maximum density. The 
minimum surface area for a disaturated phopholipid, DMPC for example, is around 45 Å2 
and for an unsaturated lipid, such as POPC, it is close to 60 Å2.  Discontinuities in force-
area isotherms indicate structural phase transitions 47 (Fig. 2.5.). The very dilute 
monolayer, with an area of hundreds of Å2/molecule, is described as two-dimensional gas 
(G). With increasing pressure, i.e. decreasing area/molecule, the monolayer enters the 
liquid expanded phase (LE). The heads and the tails of the lipids are assumed to be 
disordered in both G and LE but, however, X-ray data reveal some crystallinity also in 
the uncompressed state indicating coexistence of crystalline solid with disordered phase 
48. Further compressing the monolayer results in a transition from LE to liquid condensed 
phase (LC) with a plateau indicating first order transition. The plateau is, however, not 
always horizontal and this is explained by the formation of small molecular aggregates or 
surface micelles 49. Yet another kink can be observed upon compression of the monolayer 
and traditionally this refers to transition from LC to solid phase (S). Recent X-ray studies 
show that the transition is in the level of the orientation of the chains with respect to the 
Figure 2.5. A Langmuir film deposited on air-water
interface. A schematic illustration of a force-area
isotherm with indications for respective phases is given
(see text for details). In the bottom a cut through a
Langmuir through, where area and pressure can be
varied by moving the barrier.  
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water surface from tilted in LC to perpendicular in S  49 and that the monolayer in fact 
possesses same degree of translational order in both regions. Major differences arise in 
the lateral compressibility so that in the tilted LC state the monolayer is relatively easily 
compressible with the decrease in area/molecule achieved by decrease in the tilt angle. In 
untilted (S) phase the molecules are much more closely packed and thus less 
compressible. The co-existence of two phases within the same monolayer can be 
illustrated by fluorescence microscopy 50 and very complex patterns can arise as a 
consequence of line tension of the lipid domains and the electrostatic interaction between 
domains competing (Fig. 2.6.) 51.   
 
  
 
  
 
 
 
Nature takes advantage on lipid monolayers for example in the alveoli of lungs 52. 
Alveoli are air-filled cavities that are responsible for gas exchange during breathing. 
Lipid monolayer covers the epithelial surface of an alveolus and its presence lowers the 
interfacial tension and thus also the Laplace pressure. This prevents the alveoli from 
collapsing and significantly reduces the work required for inhalation. The lung surfactant 
is mostly DPPC, while also some PG and cholesterol as well as proteins are present 53, 54. 
Figure 2.6. Fluorescence microscopy images of a DMPC/C24:1 –ceramide/NBD-PC (79:20:1, molar ratio) (M--
P), and DMPC/C24:1-ceramide/NBD-PC (29:70:1, molar ratio) (Q-T), monolayers at surface pressures (from 
left to right) of 5, 15, 30, and 40 mN/m. 
(Modified from Holopainen et al 2001) 
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Liposomes 
Liposomes, viz. spherical lipid vesicles, with different diameters can be prepared. Small 
unilamellar vesicles (SUVs) are lamellar lipid bilayers with diameters from 20 to 50 nm, 
large unilamellar vesicles (LUVs) are usually from 50 to 100 nm, and the diameter of 
giant unilamellar vesicles (GUVs) usually varies between 10 and 100 µm 29, 55, 56 (Fig. 
2.7.). The size of a GUV is similar to that of actual cells and thus GUVs provide an 
interesting model for studies on events occurring in plasma membranes 57. The actions of 
different enzymes, such as phospholipase C and sphingomyelinase 58-60, as well as other 
membrane related processes have been studied with GUVs 60, 61.    
Figure 2.7. A schematic drawing representing half 
of a lipid vesicle. 
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2.2. CHARGED LIPIDS AND MACROMOLECULES 
 
The behavior of numerous macromolecules on the membrane surfaces is modified by the 
type of lipids present 62 and on the other hand absorbed polyelectrolytes produce changes 
in the ordering of lipid membranes that reflect to both monolayers, even if they were 
composed only of single type of phospholipid 63. Charge distribution within the 
membrane, together with complex combination of electrostatic, hydrophobic and entropic 
effects, is likely to determine the type and extent of the interaction with associated 
molecules 9, 62. In the following chapters the interactions of charged lipids with DNA and 
proteins are discussed.  
 
2.2.1. Cationic lipids 
 
Oleamide 
There are only two naturally occuring cationic lipids, namely sphingosine and sleep 
inducing lipid oleamide. Oleamide was first found in the cerebrospinal fluid of sleep-
deprived cats 64 and it has been shown to induce cannabimimetic effects 65 including 
suppression of pain and inflammation. In addition, oleamide affects GABAergic, 
dopaminergic, and serotonergic transmission 66 but the definitive mechanisms for its 
actions remain obscure 67.   
 
Sphingosine 
Sphingosine, a sphingolipid metabolite, has been shown to modulate diverse cellular 
functions such as growth and differentiation, initiation and maintenance of various 
immunological responses, receptor function, and oncogenesis 68-70. It has also been shown 
to increase tone in coronary as well as renal arteries and, to decrease survival after 
myocardial ischemia 71, 72. Sphingosine and other lysosphingolipids are potent and 
reversible inhibitors of protein kinase C 68 and a number of other kinases 73-75. It has been 
suggested that the cationic nature of sphingosine would be crucial in exerting and 
mediating  its diverse functions 76and that electrostatically controlled complex formation 
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of sphingosine with acidic phospholipids may take place in membranes. Moreover, 
besides introducing a positive surface charge allowing the binding or activation of some 
proteins, sphingosine could influence membrane-mediated cellular processes by altering 
the organization and state of membrane lipids 77. 
  
Gemini surfactants 
Cationic gemini surfactants are composed of a central spacer pairing two identical long 
chain hydrophobic tails both carrying a cationic headgroup. The basic structure offers 
possibilities for structural variations and, indeed, extensive screening for compounds 
having desired physicochemical properties has been carried out 78. Gemini surfactants are 
significantly more surface active than conventional surfactants and they have applications 
in, for example, disinfection and most importantly in gene transfection 79. Including a 
disulfide bridge into the spacer yields a reducible gemini surfactant 80 specially designed 
for transfection purposes. In addition to the above, unexpected and intriguing behavior of 
gemini surfactants in salt solutions has been observed varying from self-assembly into 
cytomimetic structures 81 to aggregation into crystal-like structures 82.   
 
2.2.2. Lipid-DNA interactions  
 
Research on DNA-lipid interactions is motivated by three main lines: (i) need for an  
efficient and safe non-viral method for gene transfection, (ii) need for drug delivery 
vehicles in general, and (iii) quest for useful novel materials. Moreover, naturally 
occurring charged lipids, sphingosine in particular, may have poorly defined interactions 
with DNA that need to be resolved in order to understand their function.  
 
Interactions in air-water interface 
Electrostatic attraction drives the complex formation between cationic lipids and 
negatively charged phosphates of DNA 19, 83, 84. The presence of DNA results in expanded 
monolayers indicating interaction and possible intercalation of DNA into the film 85, 86. 
Moreover, monolayer packing density has been proposed to affect the packing of DNA 
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86. DNA bound to a Langmuir-Blodgett film has recently been enzymatically degraded by 
DNase 87. The length of the spacer of a gemini surfactant seems to play an important role 
in determining the properties of the monolayers complexed with DNA 88. From X-ray 
diffraction studies it has become evident that DNA starts to adsorb, producing 
heterogeneous layer, already during dropwise spreading of the amphiphile before any 
compression 89. In the same study the thickness of the absorbed DNA layer to the 
monolayer (composed of a monocationic lipid) varied from 30 Å at low pressure to 70 Å 
at high pressure yielding 3 times the amount of DNA necessary for complete lipid charge 
compensation 89. Screening of the charges in DNA by counterions may be responsible for 
the observed unexpectedly dense packing. Films complexed with DNA had higher 
compressibility than neat lipid films in keeping with the observation of lateral 
heterogeneity in lipid distribution resulting from absorbed DNA 83, 89, 90.  
 
Implications for gene therapy 
The therapeutic potential of gene transfer has been confirmed with results from some 
immunodeficiency syndromes 17 and malignant tumors 16. However, lack of efficient 
gene transfection vectors continues to present the major barrier for adapting gene therapy 
as a routine. Viral vectors were the primary choice for gene therapy but they exhibit 
severe disadvantages including immunogenicity, difficult production, limited insert size, 
and biohazards 18, 91. Being relatively easy to prepare and lacking most of the problems 
associated with viruses, complexes of DNA with cationic liposomes (lipoplexes) are now 
considered to represent perhaps the most promising vehicle for use in gene therapy 14, 15, 
92.  
 
Several properties have been claimed to determine the transfection efficiency of 
lipoplexes 15, 78, 92-94 and multitude of models for the organization of DNA/CL complexes 
have been suggested 95, 96. It is evident that for optimal transfection in vivo a very delicate 
composition of lipoplex is required 14, 15, 78, 84, 92, 94, 97-100. The amount of cationic lipid, 
helper lipids, and other ingredients (such as proteins) needs to be adjusted carefully and 
this tuning of the composition is rather laborious with cell cultures. Moreover, the in vitro 
transfection efficiency does not necessarily correlate to in vivo results 101.  
 27  
 
 
In order to study different complexes and to eventually enhance the poor efficiency, 
model membranes can be used to rationally resolve the basic mechanisms and forces 
governing the interactions between charged lipids and DNA. Langmuir monolayers 
enable systematic characterization of mixed lipid films and investigation of the impact of 
DNA to these systems. However, very few thorough characterizations of such systems 
have been conducted.  
 
2.2.3. Lipids and proteins interacting 
 
Electrostatic forces, mediated by negatively charged lipid components in the membrane, 
drive the binding of basic peripheral proteins to their surface 11. The binding of proteins 
induces demixing of the lipid molecules in the membranes and the degree of demixing 
regulates the binding affinity 11. Membrane lipids are extensively and delicately utilized 
also by specific integral membrane proteins and the action of these proteins appears to be 
determined by their lipid environment 20, 102. The membrane spanning regions of such 
proteins are highly conserved, implying these regions to have also other functions than 
just hydrophobic anchoring of the protein into the bilayer. For example, the hydrophobic 
length of the transmembrane domain influences the bilayer so that possible hydrophobic 
mismatch leads to sorting of the lipids around the protein 103 and, moreover, changing the 
hydrophobic mismatch can trigger the function of integral proteins 104. The selection of 
accumulated lipids can be varied by changing membrane composition, thermodynamic 
conditions, or by addition of membrane modifying compounds 9. Conformational changes 
in the protein also lead to changes in the content and extent of accumulated lipids. 
Hydrophobic matching thus links the physical properties of membrane lipids to the 
functioning of proteins. Furthermore, variations in membrane composition can lead to 
changes in lateral pressure profile in lipid bilayers and small changes in the lateral 
pressure, in turn, can induce changes in conformation of integral proteins 10, 38. Surface 
charge of the membranes strongly affects the function of glycolipid transfer protein, that 
is thought to mediate and maintain a specific distribution of  intracellular 
glycosphingolipids, and thus via certain transfer proteins membranes are able to regulate 
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their own composition 105. In addition, electrostatic interactions between histones and 
DNA can be influenced by sphingosine and acidic phospholipids 102. 
 
Functional ordering in cellular membranes is proposed to influence the function of 
proteins and enzymes 13, 20. The action of protein kinase C, a key enzyme in cellular 
signal transduction, is enhanced by the addition of PE lipids. These lipids, having a small 
headgroup, exhibit a propensity to form HII phases thus carrying an intrinsic curvature 
stress in lamellar membranes (see Fig. 2.2.). The binding of PKC is able to partly release 
this stress by inducing extended chain conformation 102. Also other membrane active 
proteins have hydrophobic pockets for extended lipid chains and direct evidence of 
extended lipid anchorage for cytochrome C, for example, has emerged 106. 
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3. OUTLINE OF THE PRESENT STUDY 
 
This study was motivated by the multitude of roles charged lipids have in membranes 
and, moreover, by increasing interest towards liposomal gene delivery. The interplay 
between cationic lipids and DNA is surprisingly complex and studies with model 
membranes are thus needed to widen our understanding of the physicochemical basis 
governing these interactions. Furthermore, charged membranes provide the scene for 
action to a large variety of proteins and, accordingly, are in a key position in many 
fundamental biological events. In keeping with the above, the aims of this study can be 
divided into three themes, as follows: 
(i) To characterize mixed monolayers of cationic and zwitterionic lipids and 
their interaction with DNA, 
(ii) To study possible membrane interactions of the assembly factor P-17 of 
bacteriophage PRD1,  
(iii) To study intramolecular disulfide bond containing cationic gemini 
surfactant  and to observe the effects of its reductive cleavage in model 
membranes. 
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4. MATERIALS AND METHODS 
 
4.1 MATERIALS 
 
Except for F-DPPE (Molecular Probes), DHAB and DSP all lipids and GSH, calf thymus 
DNA, HEPES, and EDTA were from Sigma. DSP was synthesized as described in 
publication IV. For synthesis of DHAB see correction manuscript 107 in the original 
publications section. Expression and purification of protein P17 was done as described 
previously 108. Herring sperm DNA (average size of ≤ 2000 bp) was from Gibco BRL 
(Carlsbad, CA, USA) and sodium chloride from J. T. Baker (Deventer, Holland). The 
purity of lipids was checked by thin-layer chromatography on silicic acid coated plates 
(Merck, Darmstadt, Germany) using chloroform/methanol/water (65:25:4, by vol.) as a 
solvent system. Lipid concentrations were determined gravimetrically by using a high 
precision electrobalance (Cahn, Cerritos, CA, USA). DNA concentrations (in mM 
basepairs) were determined by absorbance at 260 nm (∈ = 6600 cm-1M-1). Freshly 
deionized filtered water (Milli RO/Milli Q, Millipore Inc., Jaffrey, NH, USA) was used in 
all experiments. 
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4.2 METHODS 
 
4.2.1. Compression isotherms (I, II, IV) 
 
A computer controlled Langmuir-type film balance µThrougS (I, II) or MicroThrough 
XS (IV), (Kibron Inc., Helsinki, Finland) was used to record compression isotherms (π-
A). All glassware used was rinsed thoroughly with ethanol and purified water (Millipore). 
To ensure complete evaporation of the solvents the films were allowed to settle for 4 min 
before recording of π-A isotherms. Lipids were dissolved in chloroform and spread in 
this solvent onto the indicated aqueous phase at ≈ 25 oC. The monolayers were 
compressed at a rate of 4 Å2/molecule/min. Surface pressure π is defined as  
 
 π = γ0 - γ  
 
where γ0 is the surface tension of the air/buffer interface and γ is the value for surface 
tension in the presence of a lipid monolayer compressed at varying packing densities. The 
reciprocal isothermal compressibility, i.e., the elastic modulus of area compressibility 
(CS-1) was calculated as described previously 45. Monolayer dipole potential ψ was 
measured using the vibrating plate method (µSpot, Kibron Inc.). 
 
4.2.2. Differential scanning calorimetry (III, IV) 
 
Differential heat capacity scans were recorded using a high precision microcalorimeter 
(VP-DSC, MicroCal, Northampton, MA, USA). Prior to their loading into precooled 
DSC cuvettes, the samples were equilibrated on ice for at least 12 h. When indicated 
GSH was included to solution prior to incubation on ice (IV). The liposomes were 
scanned at a heating rate of 0.5 degrees per minute and data were collected during heating 
scans from 5 to 65 oC (III) or from 4 to 50 oC (IV). The instrument was interfaced to a 
PC, and the data were analyzed using the routines of the software provided by the 
instrument manufacturer. 
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4.2.3. Light scattering (III, IV) 
 
Static light scattering due to liposome-P17 complex formation was measured with a 
Perkin-Elmer LS50B spectrofluorometer. The indicated LUV suspension was placed into 
a magnetically stirred four-window quartz cuvette thermostated at 30 oC. Scattering 
intensities were measured 3 min after the addition of P17 (III) at the indicated 
concentrations and were found to remain constant after this time period. 
 
4.2.4 Resonance energy transfer (III) 
 
The distance between appropriate fluorophore pairs can be assessed by Förster resonance 
energy transfer (RET). The association of R-P17 (rhodamine-P17) with membranes 
containing fluorescein-DPPE causes quenching of fluorescein emission while emission 
peak of rhodamine becomes observable, indicating resonance energy transfer between the 
dyes. Measurements were carried out with a Perkin-Elmer LS50B spectrofluorometer. 
 
4.2.5. Detection of the cleavage of DSP on monolayers (IV) 
 
Circular wells with Teflon rims and with gold plated bottom (subphase volume 6 ml, 
diameter 5 cm) were used for monitoring the changes in surface pressure π and surface 
dipole potential ψ after applying glutathione into the magnetically stirred subphase 
beneath the monolayer (IV). In some experiments herring sperm DNA (2.5 µM) was 
included in the subphase prior to inclusion of glutathione.  
 
4.2.6. Surface plasmon resonance (IV)  
 
SPR measurements were performed with a Biacore 2000™ instrument using HPA sensor 
chips (Biacore AB, Uppsala, Sweden). The surface of the latter is composed of long-
chain alkanethiol molecules forming a flat, quasi-crystalline hydrophobic layer. Coating 
of the HPA sensor surface with DSP was performed at +40oC following instructions of 
the manufacturer. In brief, the HPA chip surface was first washed for 5 min with 40 mM 
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n-octyl β-D-glucopyranoside and then coated with 1 mM DSP for 20 min, both at a flow 
rate of 5 µl/min in water. Reduction of DSP on the HPA chip surface was performed with 
3 mM glutathione. The binding of herring sperm DNA, 1 µg/ml, was studied for DSP 
monolayer, after reduction of the surfactant and for uncoated HPA surface. The rate of 
flow in both measurements above was 5 µl/min. Temperature was maintained at 25oC. 
 
 
4.2.7. Determination of CMC (IV) 
 
The CMC for DSP was determined at ambient temperature with a Delta-8 multichannel 
microtensiometer (Kibron Inc., Helsinki, Finland) and the isotherm analyzed with the 
Gibbs adsorption model embedded in the software (Delta-8 Manager) provided by the 
instrument manufacturer. For these measurements serial dilutions in the concentration 
range from 0.212 µM to 1 mM in 150 mM NaCl were employed as indicated. To cleave 
DSP into its monomers 5 mM glutathione (final concentration) was added to 1 mM DSP 
solution and subsequently incubated at + 4 oC for 24 hours, prior to subjecting to serial 
dilution and assay for CMC. 
 
4.5.8. Studies on giant vesicles (IV) 
 
The indicated lipids were dissolved in diethylether : methanol (9:1, by vol.) to yield a 
final total lipid concentration of one mM. Four µl of the above lipid solution was 
transferred on the surface of the two Pt electrodes in the GV formation chamber 109, and 
then dried under a gentle stream of nitrogen for at least 10 min 110. A glass chamber with 
the attached electrodes and a quartz window bottom was placed on the stage of an 
inverted microscope (Olympus IX70, Olympus Optical co., Tokyo, Japan). An AC field 
was applied prior to adding the buffer. The AC field was turned off after 2-4 h, and 
GUVs were observed with differential interference contrast optics with a 10X/0.30 or 
20X/0.40 objective. The sizes of the GUVs were measured using calibration of the 
images by motions of the micropipet as proper multiples of the step length (50 nm) of the 
micromanipulator (MX831 with MC2000 controller, SD Instruments, Grants Pass, OR). 
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When indicated small aliquots (approx. 50 picolitres) of glutathione (10 mM) 
corresponding to 0.5 picomoles of the reducing agent were applied from the 
micropipettes onto the outer surface of individual giant vesicles with a pneumatic 
microinjector (PLI-100, Medical Systems Corp., Greenvale, NY).  All experiments were 
conducted with a Peltier-controlled thermal microscope stage (TS-4, Physitemp, Clifton, 
NJ, USA) set to 30 °C. Micropipets 111 with inner tip diameters of >0.5 µm were drawn 
from borosilicate capillaries (1.2 mm outer diameter) by a microprocessor-controlled 
horizontal puller (P-87, Sutter Instrument Co., Novato, CA). 
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5. RESULTS  
 
5.1. MIXED MONOLAYERS OF POPC AND CATIONIC LIPIDS (I + II) 
 
5.1.1. Characterization of mixed monolayers of POPC and DHAB: effects of DNA  
 
Compression isotherms 
The transfection efficiency of DHAB was enhanced by phosphatidylcholines and did not 
require the presence of helper lipid such as DOPE 112. Accordingly, we studied the mixed 
monolayers of DHAB and POPC in more detail and, moreover, used varying 
concentrations of DNA to observe whether it interacts with POPC/DHAB films. 
Similarly to POPC, DHAB formed stable monolayers at an air/water interface and its 
compression isotherms revealed a smooth π-A curve, lacking indications for structural 
transitions and indicating the film to be in the liquid expanded state (Fig. 5.1).  
 
 
 
 
 
 
 
 
 
 
 
Compression isotherms for mixed POPC/DHAB monolayers at XDHAB < 0.5 were smooth 
and revealed no discontinuities indicative of phase transitions. At XDHAB = 0.5, however, 
a discontinuity in the π-A curve was evident at a surface pressure of 27 mN/m. This is 
more clearly present in π vs. elastic moduli CS-1 plots (Fig. 5.4).  
 
Figure 5.1. Representative π/A isotherms for (a)
POPC, (b) DHAB, and their mixed monolayers
recorded on a subphase of 5 mM HEPES, 0.1 mM
EDTA, pH 7.4. The content of DHAB in the
isotherms of the binary films shown was (c)
XDHAB = 0.05 and (d) XDHAB = 0.13.  
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Analysis of the mean molecular areas revealed that already at XDHAB = 0.05 the films 
were condensed and at 10 mN/m for instance a reduction by approx. 15 % was evident in 
the mean molecular area, from 92 to 78 Å2 (Fig. 5.2A). Maximal condensation was seen 
at XDHAB ≈ 0.38 after which the area/molecule increased with increasing XDHAB and the 
monolayers slowly expanded back towards the isotherm of neat DHAB. The condensing 
effect of DHAB (XDHAB = 0.05) on POPC monolayers did depend on the phosphocholine 
headgroup and was absent for the neutral dioleoylglycerol monolayers (I, Fig. 3). 
 
 
 
 
 
 
Effects of DNA 
Interestingly, including DNA into the subphase condensed neat POPC monolayers, for 
example at 10 mN/m from 92 to 80 Å2/molecule (Fig. 5.2B). A condensing effect due to 
DNA was evident also in the presence of the cationic surfactant and did depend on the 
DNA/DHAB charge ratio. Accordingly, at 0.63 µM DNA film condensation remained up 
to XDHAB < 0.5, corresponding to a DNA/DHAB charge ratio of approx. 2.5 (Fig 5.3).  At 
XDHAB > 0.5 an expansion was observed. When the concentration of DNA was increased 
to 1.88 µM basepairs, the films were condensed irrespective of XDHAB (Fig 5.2C). 
 
Figure 5.2. (Panel A). The effect of increasing XDHAB on the area/molecule in compression isotherms of
mixed POPC/DHAB films. The values of π were 10 (■), 20 (●), 30 (▲), and 40 mN/m (▼). (Panels B
and C) Similar data recorded in the presence of 0.63 and 1.88 µM DNA (in basepairs) in the subphase,
respectively.  
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Monolayer compressibility modulus 
Representative π vs. CS-1 data recorded at XDHAB = 0.5 both without and with DNA in the 
subphase are illustrated in Fig. 5.4. In the absence of DNA the compressibility modulus 
CS-1 decreased by ≈ 30% at 27 mN/m, corresponding to the discontinuity in the π-A 
isotherm (I, Fig. 2). In the presence of 0.63 µM DNA the discontinuity in CS-1 vs. A was 
evident at a pressure slightly above 40 mN/m, close to the collapse pressure of this 
monolayer. At higher DNA concentration resulting in DNA/DHAB charge ratio of 3.76 
(at XDHAB = 1.0) the values for CS-1 were significantly reduced indicating an increase in 
the elasticity of the film. 
 
Already low contents of DHAB (XDHAB = 0.05) increased the maximum in 
compressibility modulus (CS-1max) by approx. 30 and 20 mN/m in the absence and 
presence of 0.63 µM DNA, respectively (Fig. 5.5). Both with and without DNA the 
highest values were evident at XDHAB = 0.63. Thereafter, with increasing XDHAB the value 
of Cs-1max diminished (i.e. the elasticity of the film increased) progressively. With higher 
concentrations of DNA in the subphase ([DNA] = 1.88 µM) the values for Cs-1max were 
Figure 5.3. The difference in the area
ADNA-A (Å2/molecule) as a function of
XDHAB. The values for ADNA were
recorded with 0.63 µM DNA (in
basepairs) in the subphase and those for
A without DNA. The values of π were
10 (■), 20 (●), 30 (▲), and 40 mN/m
(▼). 
Figure 5.4. π vs elastic moduli CS-1 for
monolayers at XDHAB = 0.5 (solid line)
and similar measurements but with either
0.63 (......) or 1.88 µM ( _ _ _ ) DNA (in
basepairs) in the subphase. 
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significantly reduced and remained rather constant irrespective of XDHAB. The elasticity 
minimum of the POPC film shifted to lower pressures when low contents of DHAB were 
included in the films, with the lowest value, ≈ 33 mN/m at XDHAB = 0.25. When 0.63 µM 
DNA was included in the subphase the pressure yielding minimum in film elasticity 
decreased to 34 mN/m with neat POPC and decreased further to approx. 27 mN/m at 
XDHAB = 0.05. Thereafter, a progressive increment to 37 mN/m at XDHAB = 0.63 was 
observed. With higher concentration of DNA the values for πCs-1max were closer to those 
measured for lipids without DNA (Fig. 5.5.B). 
Figure 5.5. (Panel A). The dependence of CS-1 on
XDHAB in mixed DHAB/POPC monolayers, recorded
in the absence (□) and in the presence of either 0.63
(■) or 1.88 (●) µM DNA (in basepairs).  
 
(Panel B) Surface pressures π corresponding to the
compressibility modulus maxima CS-1 measured in
the absence (□), and in the presence either 0.63 (■)
or 1.88 (●) µM DNA in the subphase.  
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In conclusion, the content of the cationic lipid in the monolayer strongly influenced both 
the mechanical and electrical properties of the film. A dramatic condensation was seen as 
a result of including low amounts of DHAB (XDHAB = 0.05) in POPC monolayers evident 
as a decrease in area/molecule, reduced elasticity of the film, and increased monolayer 
dipole potential. Similarly to inclusion of DHAB, addition of DNA into the subphase 
resulted in condensation of POPC monolayers up to XDHAB = 0.5. At  XDHAB > 0.5 an 
expansion due to DNA ( 0.63 µM in basepairs) was observed whereas in higher 
concentrations of DNA (1.88 µM in basepairs) the films remained condensed.  
 
5.1.2. Sphingosine-phosphatidylcholine monolayers: effects of DNA 
  
Force-area isotherms for sphingosine/POPC monolayers 
Analysis of the mean molecular areas revealed that already at XSph = 0.05 the POPC films 
were condensed (by up to 30 % at a surface pressure π = 35 mN/m, Fig. 5.6A) similarly 
to what was observed for mixed films of the synthetic cationic surfactant DHAB and 
POPC. Upon exceeding XSph = 0.05 the films condensed further reaching a minimum at 
XSph = 0.25. Interestingly, after this first minimum the area/molecule increased 
significantly, with a relative expansion of the film towards the line representing ideal 
mixing and with a peak in A at XSph = 0.38. Upon exceeding XSph = 0.38 the 
area/molecule decreased again reaching a second minimum at XSph = 0.63. This minimum 
was followed by a sharp increase in A, reaching a second relative maximum at XSph = 
0.71. Subsequently, increasing the molar content of sphingosine further to XSph = 0.83 
revealed a third minimum in area/molecule where after XSph = 1.0 was reached without 
further discontinuities. 
 
Effects of DNA 
Binding of DNA to sphingosine containing cationic liposomes is well established 19, 113 
and its association with sphingosine containing films is anticipated. We repeated the 
above experiments with 2.5 µM DNA in the subphase to monitor the effects of this 
polyanion on POPC/sphingosine monolayers (Fig. 5.6B). The amount of DNA was 
chosen to yield complete saturation of the positive charges of sphingosine 
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(DNA/sphingosine charge ratio > 1 at XSph = 1.0). As mentioned previously, DNA 
condensed neat POPC monolayers, at 10 mN/m for example from 92 to 78 Å2/molecule. 
The shapes of the peaks in the area/molecule were changed and DNA condensed the 
films in the region of the peak at XSph = 0.38, as illustrated in the area difference 
(∆A/molecule) between isotherms measured in the presence and absence of 2.5 µM DNA 
(Fig. 5.6C).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6. (A) The effect of increasing XSph
on the area/molecule in compression
isotherms of mixed POPC/Sph films. The
values of π were 10 (■), 20 (●), 30 (▲), 35
(▼), and 40 (♦) mN/m. (B) Similar data
recorded in the presence of 2.5 µM DNA (in
basepairs) in the subphase, respectively. (C)
The difference in the area ADNA-A
(Å2/molecule) as a function of XSph.  
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The above data was expressed also in terms of the difference in the average area occupied 
by molecule between the measured values and ideal mixing of POPC and sphingosine in 
monolayers (Fig. 5.7). The steep initial decrease observed upon introducing sphingosine 
up to XSph = 0.05 was followed by a plateau in ∆A/molecule to XSph = 0.25 (Fig 5.7A). 
The range of ∆A/molecule changed drastically between XSph = 0.25 and XSph = 0.38. 
Upon exceeding XSph = 0.38 the ∆A/molecule decreased until after XSph = 0.63 a sharp 
increase was observed, revealing film expansion. The peak in area/molecule at XSph = 
0.71 illustrated as ∆A/molecule also showed the films to be almost ideally mixed at 
higher surface pressures (from π = 40 to 30 mN/m) and close to ideal at lower pressures. 
With 2.5 µM DNA in the subphase the behavior of the films was somewhat different 
(Fig. 5.7B) but, however, discontinuities at approximately same molar proportions of 
sphingosine were evident both with and without DNA.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.7. (A) The difference between
measured values and ideal mixing Ameas –
Aideal (Å2/molecule) as a function of XSph.
(B) Similar data recorded in the presence
of 2.5 µM DNA (in basepairs) in the
subphase, respectively 
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Changes in monolayer dipole potential ψ 
Taking into account the cationic charge of sphingosine containing monolayers and the 
interaction of polyanionic DNA with these films, alterations in the dipole potential 46 are 
readily anticipated. These data were recorded as a function of XSph and are depicted at 
varying molecular densities (Fig. 5.8). 
 
The presence of sphingosine had a significant impact on the monolayer dipole potential 
and already at XSph = 0.05 a pronounced increment in Ψ was evident, at 2.5 µmol/m2 
from 280 (neat POPC) to 380 mV. Between XSph = 0.25 and XSph = 0.40, however, a 
discontinuity in surface potential was observed, similarly to the area/molecule plots (Fig. 
5.7A). Upon including a charge-saturating concentration of DNA into the subphase the 
monolayer dipole potential for POPC increased, at 2.5 µmol/m2 from approx. 280 to 330 
mV, respectively (Fig. 5.8B). The presence of sphingosine further increased Ψ, up to 370 
mV at XSph = 0.05 Ψ (at 2.5 µmol/m2). Upon increasing XSph from 0.25 to 0.5 a similar 
pattern of changes in dipole potential was observed when compared to the data recorded 
without DNA.  
 
To better illustrate the impact of DNA these data are shown also as a function of XSph as 
the recorded voltage difference ∆Ψ for the monolayers with and without DNA in the 
subphase (Fig. 5.8C). An initial steep decrease until XSph = 0.13 was followed by an 
increase so that when increasing XSph from 0.25 to 1.0 the values of Ψ were slightly 
higher in the presence of DNA compared to its absence, with exceptions at XSph = 0.5, 
0.67 and 0.71 where ∆Ψ was negative. 
 
Excess free energy of mixing 
Negative values of ∆Gexm for all the investigated composition ranges confirm that the 
mixing is energetically favorable and, accordingly, there should be no phase separation of 
the individual compounds (Fig. 5.9A). The minimum values, indicating the highest 
stability of the mixed phase, occurred in regions where the monolayer was the most 
condensed with respect to the ideal mixing (Fig. 5.7), from XSph = 0.05 to XSph = 0.25 and 
from XSph = 0.5 to XSph = 0.63 respectively. ∆Gexm was pressure dependent so that for 
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higher pressures the values of ∆Gexm decreased. This is expected as at higher packing 
densities the interactions between the molecules are stronger and also the differences 
derived from molecular characteristics for different compound molecules are larger. 
Upon increasing XSph the free energy became less negative indicating the interactions 
between the two components becoming weaker.  
 
The presence of DNA altered the mixing energies dramatically (Fig. 5.9B and C). 
Accordingly, the values for ∆Gexm shifted from a highly negative values observed in the 
absence of DNA to close to zero, indicating the mixing of the components becoming less 
favorable. Notably, the most positive values were measured for the films at highest 
pressure. To better illustrate the effects of DNA to mixing properties of the components 
in the monolayer we calculated the difference between ∆Gexm measured both with and 
without DNA (Fig. 5.9C). With a charge saturating concentration of DNA in the 
subphase, the mixing of POPC and sphingosine became less favorable with the 
differences in ∆Gexm being largest at low XSph.  
 
To conclude, even low contents of sphingosine (XSph = 0.05) condensed POPC 
monolayers similarly to what was observed with the synthetic cationic lipid DHAB (I). 
Intriguingly, the mixed films of POPC and sphingosine exhibited three critical mole 
fractions of sphingosine ( 0.25, 0.6, and 0.83) at which the area/molecule reached a local 
minimum. The observed minima were nearly completely absent when 200 mM NaCl was 
present in the aqueous subphase and also when POPC was replaced by either saturated or 
unsaturated diacylglycerol. According to excess free energy of mixing derived from the 
compression isotherms the mixed phase was most stabile at the observed minima and 
upon increasing XSph the mixing of the two components became less favorable. Inclusion 
of a charge saturating concentration of DNA into the subphase led to a diminished 
monolayer stability and increased separation of the components. 
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Figure 5.8. Values for monolayer dipole
potential Ψ derived from compression
isotherms for POPC/Sph monolayers as
a function of XSph and recorded both
without (A) and with 2.5 µM DNA (B)
in the subphase. The data are shown at
varying molecular densities, at 1.8 (■),
2.3 (●), 2.5 (▲), and 2.9 (▼) µmol/m2.
Also shown is the voltage difference
between the above data points,
representing the impact of DNA on the
monolayers (B). 
Figure 5.9. (A) Values for excess free
energy of mixing derived from
compression isotherms for POPC/Sph
monolayers as a function of XSph.  The
values of π were 10 (■), 20 (●), 30 (▲), 35
(▼), and 40 (♦) mN/m. (B) Similar data
recorded in the presence of 2.5 µM DNA
(in basepairs) in the subphase, respectively.
Also shown is the difference between the
above data points, representing the impact
of DNA on the monolayers (C).  
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5.2. LIPID PROTEIN INTERACTIONS (III) 
 
The assembly factor P17 of an bacteriophage PRD1 possesses a net charge of -7 at pH 
7.2. Previous studies suggest that P17 would act late in the phage assembly and thus 
possible interactions of P17 with membranes would be of importance. 
 
Light scattering 
In order to address this point we used light scattering (LS) to observe the interaction of 
P17 with LUVs. Three kinds of vesicles were used, namely those composed of only 
POPC, or additionally including negatively charged POPG (X = 0.10) or positively 
charged sphingosine (X = 0.10). For neat POPC LUVs increasing amounts of P17 in the 
samples caused a progressive increase in relative intensity (RI), with two stepwise 
increments (Fig. 5.10). 
 
 
 
 
 
 
 
 
 
The addition of P17 up to 0.05 µM into neat POPC liposomes increased the scattering 
approximately 1.03-fold, while further addition of P17 (up to 0.2 µM) had no additional 
effect. Exceeding a [P17] of 0.2 µM caused a continuous increase in RI with a maximum 
increment of approximately 1.1 fold observed at a [P17] of 0.5 µM, corresponding to a 
phospholipid : P17 molar ratio of 45. The presence of the negatively charged POPG 
Figure 5.10. Relative intensity of scattered light at 90o
due to the binding of P17 to liposomes composed of
POPC (?), POPG/POPC (molar ratio 1:9,
respectively) (▲), sphingosine/POPC (molar ratio 1:9,
respectively) (?), and sphingosine/POPG/POPC
(molar ratio 1:1:8, respectively)(?). After the protein
concentration was increased, the samples were
equilibrated for 3 min before measuring the intensity.
Total lipid concentration was 22.5 µM (at 30oC).  
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(XPOPG = 0.10) in the POPC LUVs totally abolished the increase in LS up to the highest 
concentration of P17 tested (0.5 µM). When the cationic sphingosine/POPC LUVs (XSph 
= 0.10) were used, the addition of P17 caused a significant increase in LS indicating 
association to sphingosine containing membranes. Moreover, the increase in LS could be 
prevented by adding 150 mM NaCl to the buffer or by including POPG into the vesicles.  
 
Resonance energy transfer 
We subsequently confirmed the association of P17 with liposomes using resonance 
energy transfer (RET) between fluorescein-DPPE (F-DPPE) incorporated into LUVs and 
rhodamine-P17 (R-P17). For POPG/POPC/F-DPPE LUVs (10:85:5) a negligible 
decrease in relative fluorescence intensity (RFI) was observed upon addition of R-P17 up 
to 0.45 µM (Fig. 5.11). For POPC/F-DPPE LUVs (95:5) a more pronounced decrease in 
RFI was evident at R-P17 concentrations higher than 0.15 µM. However, the most 
efficient energy transfer was observed for sphingosine/POPC/F-DPPE LUVs (10:85:5), 
with a 31 % decrease in the emission of F-DPPE at a [R-P17] of 0.45 µM.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.11. Binding of P17 to liposomes as revealed by
resonance energy transfer. Relative fluorescence intensity at
different concentrations R-P17 upon binding to liposomes
composed of POPC/F-DPPE (95:5) (?), POPG/POPC/F-
DPPE (10:85:5) (▲), sphingosine/POPC/F-DPPE (10:85:5)
(?), and sphingosine/POPG/POPC/F-DPPE
(10:10:75:5))(?). 
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Time course of the binding  
We then proceeded to study the kinetics of this interaction between P17 and lipid 
membranes. As shown in Fig. 5.12, the rapid decrease (approximately 4%) in RFI after 
the addition of R-P17 (0.25 µM; lipid-to-protein ratio 90:1) to POPG/POPC/F-DPPE 
LUVs (10:85:5) was caused by non-specific effects such as scattering, dilution, and inner 
filter effects. After this, there was practically no further decrease in RFI for these 
liposomes. However, when POPC/F-DPPE LUVs (95:5) were used together with 0.25 
µM R-P17 in the samples, the rapid initial decrease was approximately 8% higher than 
that observed for LUVs containing POPG. Thereafter a small time dependent decrease in 
RFI was observed.  
 
 
 
 
 
 
 
 
 
 
 
 
When using sphingosine/POPC/F-DPPE LUVs (10:85:5) a clear time dependent decrease 
in RFI is observed upon incubation with 0.25 µM P17. After an initial decrease in RFI 
(approximately 10 %), a further slow decrease could be observed, reaching saturation 
after approximately 250 s. 
 
Differential scanning calorimetry 
Neat DMPC MLVs showed a pretransition at approximately 14 oC and a main transition 
at 23.9 oC (Fig. 5.13A). The incorporation of P17 into DMPC MLVs (phospholipid : P17,  
Figure 5.12. Time course of the binding of R-P17 to
liposomes. In trace A liposomes were POPG/POPC/F-DPPE
(10:85:5), in trace B POPC/F-DPPE (95:5), and in the lowest
trace (trace C) sphingosine/POPC/F-DPPE (10:85:5). 
 
 48  
 
47:1) did change only slightly the main transition temperature. However, there was a 
significant increase in the enthalpy of the transition (∆H) by about 3.8 kJ/mol. The width 
of the peak, inversely proportional to the co-operativity of the phase transition, was 
insignificantly affected. DMPG : DMPC (1:9) showed a slightly increased phase 
transition temperature, ∆H , and peak width compared to neat DMPC MLVs (Fig. 5.13B). 
Including P17 into these liposomes resulted in a small decrease in Tm, with a concomitant 
small increase (approximately 1 kJ/mol) in ∆H. Sphingosine : DMPC MLVs (1:9) 
displayed a single transition peak centered at 26.4 oC (Fig. 5.13C) with ∆H increasing by 
approximately 2.7 kJ/mol compared to that observed for neat DMPC. Moreover, the co-
operativity of the transition decreased upon incorporation of sphingosine, as evidenced by 
the increased width of the main transition peak. The addition of P17 into sphingosine-
containing MLVs induced dramatic changes in the heating scan. As shown in Fig. 5.13, 
panel C, the pretransition disappeared and the main transition temperature Tm shifted 2.4 
oC higher with two clearly distinct peaks becoming evident. ∆H increased 0.7 kJ/mol 
with the peak being approximately 3.7 oC wider than in the absence of P-17. 
 
To summarize, our data showed that P17 binds to positively charged membranes 
containing sphingosine whereas only weak binding was evident to neutral POPC vesicles, 
and no binding at all for the negatively charged vesicles containing POPG. DSC data 
suggested that P17 induces lipid phase separation and tighter packing in sphingosine : 
DMPC vesicles and that for membranes lacking the positive charge addition of P17 has 
virtually no effect.  
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Figure 5.13. Apparent excess heat capacity traces of lipid
vesicles in buffer with and without P17. Panel A, DMPC
MLVs (solid trace) alone and with P17 (dashed trace). Panel
B, DMPG/DMPC MLVs (1:9) alone (solid trace) and in the
presence of P17 (dashed trace). Panel C, sphingosine/DMPC
MLVs (1:9) as such (solid trace) and with P17 (dashed
trace). [P17] was 15 µM. 
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5.3. REDUCTIVE CLEAVAGE OF DISULFIDE BOND CONTAINING 
CATIONIC GEMINI SURFACTANT IN MONOLAYERS AND IN BILAYERS 
(IV) 
 
The chains of a gemini surfactant DSP are linked via a disulfide bond containing spacer 
and thus this surfactant can be cleaved by reduction into two monomers (MSP), 
representing conventional cationic surfactants. 
 
CMC  
The CMC for the gemini surfactant DSP (see Fig. 4.1 for structure) in 150 mM NaCl was 
7.5 ± 0.3 µM, in keeping with the low values reported for geminis 79 when compared to 
conventional surfactants. For MSP the CMC was 12.1 ± 0.8 µM (Fig. 5.14).  
 
 
 
 
 
 
 
 
 
 
 
 
When reducing [NaCl] in the buffer the CMC for MSP increased and in pure deionized 
water it was 20 fold higher whereas for DSP the increase was only 2.5 µM (7.5 vs. 10 
µM).  
Figure 5.14. Surface tension vs. concentration for 
DSP (solid squares) and MSP (open circles) in 
150 mM NaCl. Temperature was ≈ 24°C.  
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Differential scanning calorimetry  
Upon heating DSP exhibited a main endotherm with a peak at 21.7 oC with a total 
enthalpy of ~84.4 kJ/mol (Fig. 5.15, line a). Reduction of DSP with 5 mM GSH caused 
pronounced changes in the endotherm, decreasing the peak temperature to 20.1 oC and 
reducing the enthalpy content to 68.54 kJ/mol. The endotherm also became significantly 
broader thus indicating less co-operative melting (Fig. 5.15, line b).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Monolayer experiments  
DSP formed stable monolayers when 150 mM NaCl was present in the subphase. The 
compression isotherms for DSP were smooth with CS-1 further supporting the lack of 
phase transitions. To monitor the reductive cleavage of DSP in monolayers we injected 
GSH into the magnetically stirred subphase, while recording changes in π and Ψ. The 
addition of GSH caused a decrease both in π as well as in Ψ (Fig. 5.16A) with a new 
equilibrium reached in ~30 min, and with an average decrement of 9.7 mN/m (± 3.3 
mN/m). Simultaneously, the value for Ψ decreased by approx. 32.9 mV (± 15.9 mV). 
These experiments were reproduced using a range of initial surface pressure values 
(varying from 10.9 to18.6 mN/m) yielding surface dipole potentials from 99.9 to 161.1 
mV, respectively.  
 
Figure 5.15. DSC traces for one mM DSP in 150 
mM NaCl as such (a) and after incubation for 24 
hours with 5 mM GSH (b). The calibration bar 
represents 10 kJoC-1mol-1. 
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The values for Ψ increased dramatically when DNA present (Fig. 5.16B), at 16 mN/m, 
for example, from ~155 mV to ~ 420 mV, yielding a difference of 0.15 fV/molec.. 
Moreover, following the addition of GSH it took approx. three to four times longer (30 
min vs. 90-120 min) for the monolayers to reach a new equilibrium in the presence of 
DNA than in its absence.     
 
Surface Plasmon Resonance  experiments  
Supported monolayers of DSP were studied using surface plasmon resonance (SPR). 
Decrement in the response from approximately 250 to 80 (RU) was evident when the 
monolayers were flushed with 3 mM GSH (Fig. 5.17A), in keeping with the release of 
DSP. Similarly to Langmuir monolayers a new steady state was reached in ~30 min. GSH 
induced a minor increment in the response level for the uncoated chip, presumably 
resulting from non-specific binding of the peptide to the gold surface. The attachment of 
DNA to the supported DSP monolayer and the impact of reductive cleavage by GSH was 
also studied (Figure 5.17B). DNA readily bound to DSP monolayers, as expected, 
whereas no binding was evident to the GSH treated DSP membranes or to the uncoated 
chips. 
 
Figure 5.16. (A) Changes in surface pressure π (a) and surface dipole potential Ψ (b) as a function of
time following the addition GSH, [final]=55 µM, into the subphase of 150 mM NaCl.  
(B) Similar experiment but recorded in the presence of 2.5 µM DNA (in base pairs) in the subphase. 
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Studies with GUVs and LUVs.  
The size of GUVs formed by SOPC and DSP (XDSP = 0.10) varied between approx. 20-
100 µM. GSH (10 mM) was injected with gentle pressure using a micropipette onto the 
surface of a single GUV. Interestingly, in several experiments a bright spot came visible 
within approx. 5 seconds after the addition of GSH, moving on the GUV surface. In 
about 20 seconds the spot pinched off from the GUV surface and the GUV started 
shrinking. This process continued at an accelerating rate and led to the disappearance of 
the GUV in ∼30 seconds (Fig. 5.18). In control experiments the same amount of the 
buffer (0.5 mM Hepes, pH 7.4) injected in a similar manner produced no changes in 
GUV morphology. Addition of GSH did not have any significant effect on SOPC/DSP 
(XDSP = 0.10) LUVs, monitored by static light scattering.   
 
 
 
 
Figure 5.17.  (A) SPR response following the addition of 3 mM GSH into the aqueous phase rinsing
the supported DSP monolayer on the sensor chip surface (a), with uncoated HPA surface as a control
(b). (B) Binding of DNA (1 µg/ml) to a DSP monolayer (a) after the reduction of the surfactant with
glutathione (b). Uncoated HPA surface (c) was used as a control. 
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In conclusion, the intramolecular disulfide bridge containing gemini surfactant DSP was 
readily cleavable by glutathione in monolayers as well as in vesicles. In 150 mM NaCl 
CMC for DSP was 7.5 µM whereas that of the monomer MSP was 12.1 µM. The 
endotherm for the MSP was significantly broader indicating less co-operative melting. 
For Langmuir films of DSP the addition of GSH into the subphase led to a decrease in 
surface pressure π as well as surface dipole potential Ψ. The presence of a charge 
saturating concentration of DNA significantly attenuated the cleavage, but it did not 
prevent the reaction. The resulting monomers detached from supported monolayers, 
leading to loss of affinity of the surface for DNA. Disruption of giant vesicles containing 
DSP within approx. 30 s following a local injection of GSH was observed, revealing 
membrane destabilization. 
Figure 5.18. Changes in the morphology of a GUV (SOPC:DSP, 9:1 molar ratio) recorded before
(A) and (B) 5, (C) 10, (D) 15, (E) 20, and (F) 30 sec after the addition of approx. 50 picoliter
aliquot of 10 mM glutathione (corresponding to ~ 0.5 picomoles of GSH) onto the GUV surface
with a micropipette. Temperature was 30°C. Scale bar = 20 µm.  
Panels G – I represent a control experiment where buffer (0.5 mM Hepes, pH 7.4) was injected in
a similar manner. 
G
H
I
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6. DISCUSSION 
 
Eukaryotic cells are literally packed with lipid membranes and the different membranous 
organelles with unique lipid compositions perform different functions 29. Any single 
membrane can contain over 100 lipid species and the lipid distribution in various 
membranes is non-uniform and carefully regulated. The enormous diversity of the 
membrane lipids points out to their multiple roles in determining the properties and 
interactions of membranes. Charged lipids are of special interest, since they have been 
established to control important physiological functions and as minor membrane 
components their quantities are under strict metabolic control 62. The interaction of these 
charged lipids with biological macromolecules is a product of complex hydrophobic, 
electrostatic, and steric constraints and, as such, essential for the functioning of a living 
cell. 
 
6.1. MIXING FAR FROM IDEAL: monolayers of POPC and DHAB(I) or SPH(II) 
 
In the following section mixed monolayers of zwitterionic POPC and either synthetic 
DHAB (I) or naturally occurring cationic lipid sphingosine (II) are discussed. In the 
original publication I a stoichiometric mixture of a monocationic surfactant DHAB and 
N,N-dimethyl-3,4-dimethylpyrrolidium bromide was used instead of the desired 
dicationic gemini surfactant due to reasons described in the erratum (see original 
publications). N,N-dimethyl-3,4-dimethylpyrrolidium bromide as a water soluble 
compound, however, did not influence the monolayer behavior of the mixed 
DHAB/POPC films and thus our conclusions concerning the role of the surface charge 
density in the organization of monolayers remain valid. The combined molecular weight 
of the mixture is the same as for the gemini surfactant and, accordingly, the 
concentrations and the mole fractions of the lipids are correct. The correct DNA/CL 
charge ratios are, however, twice the values given due to DHAB bearing a single positive 
charge instead of two used in the calculations for the gemini. The corrected structure and 
nomenclature described in erratum is used throughout this thesis. 
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6.1.1 Reorientation of the phosphocholine dipole 
 
Introducing positively charged DHAB into POPC monolayers induced significant 
condensation of the films. Already low amounts of the cationic lipid (XDHAB = 0.05) 
caused a condensation of 15 % at 10 mN/m, for example. The condensation was absent 
when DHAB was added into monolayers composed of either saturated or unsaturated 
diacylglycerol (I, Fig. 3). The maximum in condensation was observed at XDHAB = 0.38 
after which the monolayer slowly expanded, in keeping with molecular dynamics 
simulation on DMPC/DMTAP bilayers 114. Similar condensation with respect to the ideal 
mixing was recently reported also for mixtures of cationic surfactant DODAB and 
zwitterionic DSPC 115. The negative deviation from the ideal mixing throughout the range 
of molar fractions of DHAB from 0.05 to 0.875 can be considered surprising since by 
introducing cationic lipids into the membrane increases the surface charge density. This, 
in turn, should lead to increased coulombic repulsion between lipids of same charge and 
thus expand the monolayer. A plausible explanation for the observed behavior derives 
from the zwitterionic nature of the PC headgroup. Choline moiety is known to be able to 
orient in the direction of the membranes normal and as, in contrast to PE, the 
hydrophobic methyl group in the headgroup does not form hydrogen bonds with water 
the orientation of the PC headgroup is susceptible to changes 116. Upon introducing one 
positive charge with each DHAB to the membrane the dipole of the PC headgroup could 
turn to a more vertical orientation, so as to maximize the distance between the positive 
charges of DHAB and the choline moiety. After exceeding XDHAB = 0.38 the increasing 
coulombic repulsion leads to film expansion towards neat DHAB monolayers. Recent 
DSC and fluorescence data on DHAB/DMPC vesicles show augmented packing again in 
higher charge densities (XDHAB > 0.6) and as an explanation the formation of an 
interdigitated phase is suggested 117. In monolayers the interdigitation is, of course, not an 
option and thus the monolayer can not escape from expansion. The above mechanisms 
for condensing effect of the cationic DHAB or sphingosine would cause augmented 
chain-chain interactions in keeping with the pronounced reduction in the interfacial 
elasticity of the film (Fig. 5.5) as well as increase in TM observed in DSC (Fig. 5.13.). A 
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schematic illustration showing the reorientation of the P--N+ dipole is presented in Fig. 
6.1. The impact of DNA is discussed later in this thesis. 
 
The reorientation of the PC headgroup has been observed with several methods: by 
monolayers for DMPC 118, by DSC for DMPC and DPPC 94, 119, by molecular modeling 
for DMPC  120, and by NMR for POPC 113. However, thorough characterizations of 
mixed cationic lipid – phophatidylcholine –films were lacking before our studies.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1. A schematic illustration of the
reorientation of the P--N+ dipole induced by cationic
lipid and DNA (Modified from Ryhänen et al.
2003).
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6.1.2. A highly sensitive mole fraction dependent mixing 
 
Similarly to what observed with DHAB the pronounced condensation of the POPC films 
following the introduction of the cationic lipid was evident already at low concentrations 
of sphingosine (XSph = 0.05). This effect is likely to be of electrostatic origin since it was 
absent for diacylglycerol and, in addition, sphingosine (XSph = 0.05) induced dramatic 
increase in monolayer dipole potential in POPC monolayers (Fig. 5.8).   
 
Mixed monolayers of POPC and sphingosine exhibited three critical mole fraction 
dependent condensation minima, viz., XSph = 0.25, 0.6, and 0.83. The following 
mechanisms could allow for the observed counterintuitive behavior of the mixed 
sphingosine and POPC monolayers: (i) reorientation of the phosphocholine dipoles, (ii) 
condensation of counterions with their release increasing entropy, (iii) formation of 
hydrogen bonded networks, and (iv) lateral diffusion and reorganization of the 
components in the monolayer.  
 
Reorientation of the P--N+ dipole of POPC is likely to take place when sphingosine is 
included and this should contribute to the observed monolayer condensation. As 
described above in chapter 6.1.1. the reorientation is well documented in other systems 
and with several methods. At first, increasing the content of sphingosine would lead to 
more complete reorientation of the dipole observed as decreased surface areas. Exceeding 
certain charge density in the monolayer (XDHAB = 0.38 in DHAB/POPC monolayers, for 
example) then leads to increased coulombic repulsion and thus also expansion of the 
monolayer.  
 
In addition to the former process, the counterions in the surrounding media also affect the 
membrane. As concluded by Cevc121 the membrane surfaces are too complex for any of 
the available electrostatic theories to be reliable for their general description and thus 
explaining the observed phenomena is likely to require combinations of different models 
and interactions. In Gouy-Chapman electrostatic theory the ion distribution close to the 
membrane surface is governed by the coulombic surface–ion interactions. Importantly, 
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the ion concentration near the membrane surface differs from the bulk over a zone of 
finite thickness. Changes in the monolayer composition can lead to changes in the layer 
of counterions so that both  their condensation and release from the membrane surface are 
possible 122. Dissociation of counterions from the surface would lead to changes in the 
entropy of the system that may contribute to the observed behavior.  
 
Hydrogen bonding needs to be considered as well. We may assume miscibility of POPC 
and sphingosine based on the negative values of ∆Gexm (Fig. 5.9.). Interestingly, ∆Gexm 
reveals a shift towards less negative values with increasing XSph observed after every 
local minimum in the area/molecule. The interactions between POPC and sphingosine are 
enhanced at higher surface pressures, ∆Gexm ~ -4.0 kJ/mol at XSph = 0.13 and at π = 35 
mN/m, compared to ~1.0 kJ/m at π = 10 mN/m, for example (Fig. 5.9A) meaning that in 
keeping with this at higher molecular densities the energetic benefits gained by efficient 
packing are more significant. To reduce free energy increase caused by increased positive 
surface charge density upon increasing XSph, the extent of protonation of the NH2 moiety 
should decrease. It is possible, that the protonated and deprotonated forms of sphingosine 
associate via hydrogen bonding and that their lateral segregation could lead to different 
ordering depending on the membrane composition similarly to that suggested for acidic 
phospholipids 90, 123.  
 
Lastly, it is possible that monolayer components could associate in a regular lattice124. To 
illustrate this, we calculated if the lipid stoichiometries corresponding to the critical mole 
fractions (X
Sph
=0.25, 0.6, and 0.83) would allow for regular lateral patterns of lipid 
distribution, maximizing the distance between sphingosine and thus minimizing their 
mutual coulombic repulsion. One possible way of ordering sphingosine and POPC is 
represented in Fig. 6.2. At XSph = 0.25 a superlattice can be assembled consisting of a unit 
cell with one acyl chain of sphingosine being surrounded by six acyl chains of POPC 
(i.e., three POPC molecules), yielding the maximal distance between the positively 
charged sphingosines. The presented superlattice should be considered to take place as a 
time averaged ordering only. 
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Charged membranes are surprisingly complex structures and attempts to combine the 
exact mechanisms, interactions, and forces responsible for the observed several 
condensation minima are challenging. The above mechanisms can, at least to some 
extent, take place at the same time and it is the balance between all the forces together  
that matters.  
 
6.1.3. Surface dipole potential 
 
Phospholipid headgroups have been shown to be sensitive to electric charges and dipole 
fields 116 and structural, dielectric and spectroscopic measurements indicate that the P+-N- 
-dipole orients almost in parallel to the plane of the membrane surface in the pure 
phospholipid membrane. As discussed above, introducing a cationic amphiphile into the 
POPC monolayer results in efficient condensation of the film indicating reorientation of 
the PC dipole. In keeping with the above we observed a significant increase in Ψ upon 
introducing cationic lipid into POPC monolayer (I and II). Already at XDHAB = 0.05 there 
was an increase of 100 mV in Ψ at 127 pmol/cm2 and an increase of similar magnitude 
was evident also with sphingosine (Fig. 5.8). Further increasing the amount of cationic 
lipid led to a steep increase in Ψ up to XDHAB = 0.25 after which a smaller, yet significant, 
steady increase was observed. Estimates from NMR studies indicate that the change in 
the orientation of the phosphate segment can be more than 30° 113 and it is likely that 
Figure 6.2. Putative mean lateral arrangements of acyl chains in Sph/POPC monolayers with
corresponding unit cells. White and gray hexagons represent the acyl chains of POPC and the alkyl
chain of sphingosine, respectively.    
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maximal average angle is reached at high molar fractions of the cationic amphiphile. The 
total increase in Ψ at 127 pmol/cm2 and at XSph = 0.5 was approx. 180 mV. This would 
be large enough to trigger conformational changes in the membrane proteins or to 
facilitate protein insertion into membranes, for example, and thus also probably bears 
biological significance 46, 125. Even though charged lipids are minor components in 
biological membranes our results indicate that their effects on membrane dipole potential 
and thus to the interplay between the cell surface and its surroundings can be crucial. 
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6.2. THE INTERACTIONS OF MEMBRANES AND CHARGED 
MACROMOLECULES 
 
The main interactions in a cell should include protein – protein, protein – nucleic acid, 
lipid – lipid, lipid – protein, and lipid – nucleic acid interactions. Especially the latter 
remain poorly resolved but, owing to recent interest in liposomal gene delivery, these 
interactions have began to raise considerable attention. We used model membranes to 
characterize the complex interplay between lipids and charged macromolecules, namely 
DNA (I, II, IV) and protein (III).  
 
6.2.1. Interaction of DNA with charged monolayers 
 
Similarly to addition of small amounts of cationic lipid (XCL = 0.05) to POPC monolayers 
inclusion of DNA into the subphase resulted in significant condensation (Figs. 5.3 and 
5.6). This is likely to result from DNA associating weakly to the monolayer causing the 
P--N+ dipole to reorient vertically, as explained for the condensing effect of CL. 
Interestingly, the effect of DNA to the monolayer turns into expanding at XDHAB > 0.5 
(exceeding DNA/DHAB charge ratio of two). This could arise from DNA inducing local 
demixing of the monolayer components 83, 100 in keeping with the observations from X-
ray studies 89. Lateral heterogeneity in the lipid distribution would then result in film 
expansion due to persistence length of DNA 126. Increased attraction of DNA towards 
monolayers with higher density of positive charges is likely to contribute to the 
expansion as well. In line with the above is the diminished monolayer stability in the 
presence of DNA observed in POPC/SPH monolayers (Fig. 5.9B and C). The mixing of 
sphingosine and POPC is less favorable in the presence of DNA as ∆Gexm changes from 
highly negative (in the absence of DNA) to even positive at certain values of XSPH. 
Accordingly, the free energy of binding for DNA overcomes the free energy loss caused 
by local reorganization of the compounds. The driving force for this effect might be the 
more complete release of counterions from DNA and the film, allowed by local charge 
densities. In addition to the above changes also monolayer dipole potential changed when 
a charge-saturating concentration of DNA was included in the subphase. For neat POPC 
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monolayer, for example, there was an increase of approximately 50 mV (from 280 to 330 
mV) at 2.5 µmol/m2 (Fig. 5.8). Interestingly, in transfection experiments enhanced 
efficiency was evident at XDHAB ≥ 0.5 underlining the surface electrostatics being a 
crucial player in lipofection 94.  
 
6.2.2. The interaction of protein P17 with positively charged lipid membranes 
 
The mode of action of the bacteriophage assembly factor P17 has remained elusive. 
Previous studies suggested that the protein would act in the formation of the viral particle 
itself 108 and interactions of this assembly factor with the emerging membrane are 
possible. Electrostatic interactions commonly mediate the binding of peripheral proteins 
to charged lipid surfaces 11, 102. As these interactions certainly play an important role in 
regulation of cellular functions it was reasonable to undertake a study of the possible 
direct interactions of protein P17 with model membranes.  
 
P17 carries a net negative charge of -7 at pH 7.2 and it is thus likely that it interacts with 
positively charged membranes as well as with other proteins. Light scattering, resonance 
energy transfer and differential scanning calorimetry revealed strong interactions of 
positively charged sphingosine containing membranes and P17.  Accordingly, the initial 
binding of P17 involves electrostatically driven interactions possibly mediated by the 
presence of lipid microdomains. In keeping with the electrostatics being the key player 
only weak binding was evident with neutral lipid membranes. Membrane association of 
P17 could be reversed by POPG, a negatively charged amphiphile, thus neutralizing the 
charges. Moreover, the increase in LS could be prevented by adding 150 mM NaCl to the 
buffer. Sphingosine (XSph = 0.10) induced an increase in Tm of approx. 2.7 °C for DPPC 
MLVs in keeping with the condensing effect observed in monolayer studies ( I, II). To 
this end, the addition of cationic sphingosine into zwitterionic DPPC vesicles is likely to 
cause reorientation of the P--N+ dipole of the PC headgroup which is expected to result in 
reduced repulsive interactions at the headgroup level. As a result chain-chain interactions 
are augmented evident as elevated values for Tm. 
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 6.3. REDUCTIVE CLEAVAGE OF A GEMINI SURFACTANT: IMPLICATIONS 
FOR GENE DELIVERY 
 
In order to overcome the poor release of DNA from lipoplexes and to diminish the  
cytotoxicity of cationic vectors reducible cationic lipids have been designed80, 127-130. The 
intramolecular disulfide bridge containing lipids are expected to release DNA upon 
reduction by intracellular glutathione. Aligned with this approach also reducible cationic 
gemini surfactants have been synthesized80.  
 
The disulfide bridge of gemini surfactant DSP (see Fig. 4.1. for structure) was readily 
cleaved by glutathione (GSH) in free standing monolayers on an air-water interface, in 
supported monolayers on solid surfaces, and in giant vesicles. CMC for DSP in water was 
very low, 10 µM, as expected for a gemini surfactant, while that for the monomer MSP 
was ~0.22 mM. In keeping with the increased surface tension of water and augmented 
screening of the surfactant charges the CMCs decreased progressively in the presence of 
increasing NaCl concentrations. More specifically, for the gemini surfactant the stronger 
hydrophobicity due to two interconnected acyl chains leads to lower CMCs compared to 
single-chained monomer MSP irrespective to [counterion]. For MSP the inclusion of 
counterions has a more dramatic effect as the reduced coulombic repulsion helps to 
overcome the energetic barriers that keep the monomer free in the solution and thus 
inhibit the packing of MSP into micelles or interfaces. Accordingly, in 130 mM NaCl the 
CMCs for DSP and MSP were 8.4 and 36 µM, and in 150 mM NaCl 7.5 and 12.1 µM 
respectively.  
 
Inclusion of GSH into the subphase of DSP monolayer on air-water interface, or to the 
water-flow on supported monolayer, resulted in escape of lipid from the surface. Aligned 
with the above CMCs, reductive cleavage of DSP is likely to result in MSP monomers 
partitioning to subphase. This was evident as decrease of both π and Ψ as well as 
response (RU) in surface plasmon resonance (SPR) with roughly similar kinetics (Figs. 
5.16 and 5.17). In giant vesicles, the microinjection of GSH onto the surface resulted in 
shrinkage of the GUV in ca. 30 s. Interestingly, in several experiments  a bright spot 
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appeared on the GUV surface within approx. 5 s. after the addition of GSH and the spot 
pinched of from the surface in about 20 seconds. It is possible that the spot contains 
clustered monomers and that some of the lipid also escape from the GUV in the form of 
micelles. In LUVs no changes following the addition of GSH were observed, indicating 
the membrane curvature playing a crucial role in the membrane perturbation. For an 
individual gemini surfactant in a giant vesicle the membrane is almost planar and the 
packing will be closer to that in monolayer than in LUVs. 
 
The practical value of the type of chemical reduction described above has been claimed 
to be limited by inefficient cleavage in the presence of DNA131. To this end the reduction 
of DSP was evident also in the presence of DNA even though the kinetics of the chemical 
cleavage was significantly slower than in its absence (30 vs. 90 min). Steric hindrance by 
DNA bound to the headgroup of DSP would readily explain this attenuation but, 
importantly, the presence of DNA did not inhibit the process. Moreover, our SPR 
experiments provided evidence for diminished affinity of the MSP monomers for DNA 
further suggesting that this gemini could be suitable for transfection in vivo.  
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